Magnetoresistance fluctuations in short quasiballistic Si/SiGe wire segments have been investigated as a function of magnetic field and temperature. The segments are measured in a four-probe geometry and the voltage probe distances L are taken smaller or larger than the phase coherence length l ͑Ϸ1.5 m at T ϭ0.1 K͒ and the electron mean free path l e ͑Ϸ0.8 m͒. At magnetic fields smaller than Bϭ1 T, the amplitude ␦R and the correlation field B c of both the symmetric and antisymmetric part of the resistance fluctuations have been studied as a function of probe distance and temperature. It is found that, despite the quasiballistic character of electron transport in our samples, the behavior of the amplitude and correlation field with probe separation is in good qualitative agreement with expressions derived for the diffusive regime. The observed magnitude of B c , however, is much larger than expected for the diffusive transport regime. A better agreement for B c is obtained using an expression adapted for the quasiballistic regime. The temperature dependence of the correlation field cannot be explained by expressions appropriate for the diffusive or the quasiballistic transport regime.
I. INTRODUCTION
Studies of electron transport in nanoscale devices during the last 15 years have revealed a number of very fascinating phenomena. One of the first effects observed in this context were device specific, reproducible fluctuations in the magnetoconductance of submicron-sized metal lines.
1 Lee and Stone 2 showed theoretically that at zero temperature the rms amplitude of the fluctuations is ϳe 2 /h, independent of sample size and disorder. The fluctuations are therefore called universal conduction fluctuations ͑UCF͒. The original UCF theory contains two important assumptions: first the conductance is calculated for a two-probe geometry and second electron transport is supposed to be diffusive, i.e., the elastic mean free path of the electrons l e is much smaller than the length of the sample L (l e ӶL). It was soon recognized that the presence of additional measuring probes has a significant effect on the fluctuations when the distance between the probes is comparable to the phase coherence length of the electrons (l ). This was demonstrated, for instance, by experiments of Skocpol et al., 3 Benoit et al., 4 and Haucke et al. 5 on Si metal-oxide-semiconductor field-effect transistors and metal films and by theoretical work of Büttiker, 6 Hershfield, and Ambegaokar, 7 Baranger, Stone, and DiVincenzo, 8 and Chandrasekhar, Santhanam, and Prober. 9 Not only experimental work on various small structures involving the high-mobility two-dimensional electron gas in AlGaAs/GaAs heterostructures ͑e.g., narrow etched 10, 11 or split-gate wires 12, 13 and ballistic cavities͒ 14 but also work on three-dimensional metallic point contacts 15 shows that the condition of strict diffusive transport is not a necessary condition for the observation of conductance fluctuations. However it is not clear to what extent the theory developed for the pure diffusive transport regime is capable of describing in detail conductance fluctuations in, for instance, the quasiballistic transport regime. It is interesting to note that measurements by Bird et al. 10, 11 and Thornton et al. 12 of conductance fluctuations in long, narrow wires defined in a high-mobility n-type AlGaAs/GaAs heterostructure at low magnetic fields could be straightforwardly interpreted in the framework of the original diffusive UCF theory. At present the number of experiments in the quasiballistic regime on short wires (LϷl ) with a four-probe geometry is very limited. As far as we know only the experiments by Timp et al. 16 on AlGaAs/GaAs samples provide information on conductance fluctuations in samples with probe distance smaller than l .
The work described in this paper concerns a study of conductance fluctuations in short n-type Si/SiGe heterostructures. An electron mobility of more than 50 m 2 /V s has been achieved in this material system. 17 A variety of magnetoconductance phenomena has been observed in structures defined in both n-type and p-type Si/SiGe heterostructures. Studies have been made of quantized conductance, 18 the AharonovBohm effect, 19, 20 weak localization, 21, 22 Shubnikov-de Haas oscillations, and the quantum-Hall effect. 23, 24 A comprehensive review of these experiments has been given by Schäffler. 25 To our knowledge so far, no detailed studies have been made of conductance fluctuations in short Si/SiGe heterostructures.
The elastic mean free path l e of the electrons in the Si/SiGe material we study in this work is about 0.8 m for TϽ4.2 K ͑mobilityϷ7.9 m 2 /V s). We fabricated samples with probe distance varying from 0.2 to 10 m. All length scales important for conductance ͑or resistance͒ fluctuations, i.e., l e , l , and L, are comparable to each other at low temperatures. We will compare the rms amplitude and the correlation field of the fluctuations with expressions developed for the diffusive UCF theory. In this way we obtain a clear indication as to what extent conductance fluctuations measured in this quasiballistic transport regime in a four-probe geometry deviate from diffusive UCF theory. Both the influence of the measuring probes and the role of the elastic mean free path will be discussed. Some results concerning the magnetotransport in 10-m-long wire segments have been reported in a previous paper. 26 Our results are particularly relevant for future Si-based nanoelectronics. In this field the impact of reduced device dimensions and fabrication technology on electron transport is an important issue. This paper is organized as follows. In Sec. II we will describe the Si/SiGe heterostructure, the sample layout, and other experimental details. Results of measurements of the magnetic field, probe distance, and temperature dependence of the fluctuations will be presented in Sec. III. The results are discussed in Sec. IV and concluding remarks are made in Sec. V.
II. EXPERIMENTAL
In Fig. 1 a schematic layout of the devices investigated in this paper is shown. The nominal wire width is 400 nm. The separation between the voltage probes is 0.2, 0.5, 1.0, 2, and 10 m. This device is made in an n-type Si/SiGe heterostructure grown on a Si substrate by molecular beam epitaxy ͑MBE͒. The essential part of the heterostructure consists of a 600-nm-thick Si 0.72 Ge 0.28 buffer layer on top of which a 25-nm Si layer is grown followed by a 12-nm-thick Si 0.72 Ge 0.28 spacer layer. Electrons are provided for by a 15-nm-thick 3ϫ10 18 cm Ϫ3 Sb-doped supply layer grown on top of the spacer. Details about the Si/SiGe heterostructure material and the fabrication process have been described elsewhere. 26 Resistance measurements are performed in a 3 He- 4 He dilution refrigerator with magnetic fields, perpendicular to the current, ranging from 0 T to 10 T. The temperature is varied between 0.065 and 4.2 K. The resistance R of a segment between two adjacent voltage probes is determined by passing an ac current Iϭ1 nA between probes 5 and 12 and measuring the voltage V with a standard lock-in technique at 15 Hz.
III. RESULTS

A. Transport parameters
To deduce the transport parameters of the material, we investigated the 10-m segment rather extensively by Shubnikov-de Haas ͑SdH͒, quantum-Hall and weak localization ͑WL͒ measurements. These experiments have been described elsewhere and we restrict ourselves here to a summary of the results. 26 We deduced an elastic mean free path l e ϭ0.8Ϯ0.1 m, a carrier density n s ϭ7.2ϫ10 15 
Because of the presence of the SdH oscillations at fields above Bϭ0.7 T and the possible influence of the WL effect around Bϭ0 T we have restricted the range of the analysis to 0.1-0.65 T. This restriction implies that we avoid effects due to a magnetic field dependence of the amplitude and correlation field of the fluctuations and do not have to consider electric transport via edge states. Such effects are expected when B becomes larger than 0.9 T. 11 The resulting dependence of the amplitude and the correlation field on probe separation L at Tϭ0.2 K are shown in Fig. 4 Fig. 4͑a͒ refer to model descriptions to be discussed in Sec. IV.
The correlation fields B c s and B c a as a function of probe separation L are shown in Fig. 4͑b͒ . The difference in behavior between the symmetric part and the antisymmetric part is striking. The correlation field for the antisymmetric part of the oscillations is almost independent of probe separation and has a size B c a Ϸ12Ϯ3 mT. Remarkably, the correlation field for the symmetric part of the fluctuations seems to increase strongly from 12 to 30 mT as L becomes larger than 1 m.
The temperature dependence of the fluctuations is shown in Fig. 5͑a͒ where the amplitude of both the symmetric and the antisymmetric part of the Lϭ0.5 m and Lϭ1 m segments of the fluctuations are displayed on a log-log scale. a on probe separation L at any temperature T is similar to the behavior at Tϭ0.2 K, which is displayed in Fig. 4͑a͒ . Figure 5͑b͒ displays the dependence of the correlation field on the temperature for the Lϭ0.5 m and Lϭ1 m segment. The correlation fields B c s and B c a of the symmetric and antisymmetric part of the fluctuations are both weakly dependent on temperature as can be concluded from Fig.  5͑b͒ . We note that the uncertainty in the evaluation of the background resistance R bg has its influence on the data of Fig. 5͑b͒ . However, after varying R bg within the uncertainty interval associated with R bg , we still find that the correlation field of the resistance fluctuations is only weakly temperature dependent. and therefore is independent of L. In short wires (L Ͻl )␦R s and ␦R a are generated in the same region and consequently they have the same magnitude, see Eqs. ͑2b͒ and ͑3͒. In long wires (LϾl ) the contribution of the probe regions is small compared to the region of length L between the probes. The factor (L/l ) 1/2 accounts for statistical averaging over the (L/l ) phase coherent segments in this area.
The dashed lines in Fig. 4͑a͒ are calculations according to Eqs. ͑2͒ and ͑3͒. Qualitatively, the symmetric part of the fluctuations follows Eq. ͑2͒ quite well. However, the quantitative agreement with Eq. ͑2͒ is somewhat less. This can be partly due to the observed variations in the sheet resistance of the various wire segments. 
where R is the resistance of a wire segment of length l (R ϰl ) whose conductance fluctuates with a universal amplitude e 2 /h. In the regime l ӷl T the amplitude ␦R is reduced by a factor l T /l by thermal averaging. 28 At Tϭ0.2 K we have l T ϭ1.2 m and l ϭ1.3 m. Therefore our wire segments operate in a regime where l T Ϸl .
The analysis of the weak localization peak of the L ϭ10 m segment, reported in Ref. 26 , showed a saturation of l below TϷ0.6 K. The observed saturation of the amplitude of the resistance fluctuations corresponds to the saturation of l if we assume that also for l T Ϸl , ␦R is correctly described by Eq. ͑4a͒. A saturation of the phase coherence length at low temperatures has been observed by many workers in various systems. At present there is a renewed interest in the saturation of l since Mohanty et al. 29 claim that the saturation of l is a fundamental phenomenon caused by zero-point fluctuations of the phase coherent electrons. Theoretical work that supported this claim was heavily criticized by a number of workers. See, for instance Ref. 30 and references therein. We found, using the expressions given by Mohanty et al. 29 to calculate the phase coherence length at T ϭ0 K, a value that is a factor of 2 to 3 lower than experimentally observed.
Above Tϭ0.5 K the temperature dependence of l in the Lϭ10 m segment 26 ͑3͔͒ is identical to the temperature dependence of ␦R . The calculated temperature dependence corresponds well to the experimental results. So we find that the probe distance and temperature dependence of the amplitude of both the symmetric part and the antisymmetric part of the resistance fluctuations in these short quasiballistic wires are rather well described by expressions derived for the diffusive transport regime.
B. Correlation field of the fluctuations
In this section we discuss the behavior of the correlation field B c with probe separation and temperature ͓Figs. 4͑b͒ and 5͑b͔͒. First we analyze the dependence of the correlation field with probe separation. Figure 4͑b͒ shows that the critical field of the symmetric part of the fluctuations decreased from 30Ϯ6 mT to 12Ϯ3 mT as the probe distance became smaller than 1 m. The correlation field of the antisymmetric part was ͑also͒ 12Ϯ3 mT and depended within experimental error not on the probe distance.
To interpret these results qualitatively we note that, roughly speaking, the correlation field corresponds to a change of the magnetic flux through an area enclosed by two interfering electron trajectories of length l by one flux quantum.
1 For instance, for wide samples this enclosed area is of the order l 2 and for long, narrow lines of the order l W e . Geometric considerations show that, for a given l , in the neighborhood of the voltage probes of a narrow line, interfering electron trajectories can be envisioned that enclose a larger area than interfering electron trajectories in the narrow regions far away from the probes. Since a larger enclosed area requires a smaller change in magnetic field to change the enclosed flux by one flux quantum, it seems obvious that the correlation field of the asymmetric part of the fluctuations is smaller than the correlation field of the symmetric part of long lines. When the probe distance is decreased the contribution from the probe areas will become more dominant and, by the same token, it is understandable that the observed B c will become smaller. The transition will occur when the probe distance becomes of the order l . This was confirmed by our experiments: from weak localization experiments on the Lϭ10 m segment at Tϭ0.2 K we found l ϭ1.3 m and we observed the transition near a probe distance of 1 m. Following the geometric line of reasoning we expect that the transition will be gradual and that the change in B c will be relatively small. This is, in fact, confirmed by theoretical work of Chandrasekhar et al. 9 who calculated analytically the effect of probes on the fluctuations in narrow lines. These authors present values for B c for diffusive transport in short lines with l Ӷl T . Their Fig. 8 shows a gradual transition and, for sample parameters not too different from ours, for very short lines (LӶl ) B c is about 17% smaller than for very long lines (Lӷl ). We observed a much larger difference ͓B c (LϾ1 m)/B c (L Ͻ1 m)ϭ2.5͔. In an effort to understand this difference we will focus now on the magnitude of the correlation field of the longer wire segments.
The correlation field of long, narrow lines has been studied theoretically quite extensively ͓see Beenakker and van Houten 28 ͑BvH͔͒. For diffusive transport the correlation field is given by
where ␣ϭ0.42 for l Ӷl T and ␣ϭ0.95 for l ӷl T . Evaluation of this expression for our lines at Tϭ0.2 K yielded B c ϭ6.0 mT and B c ϭ13.5 mT for l Ӷl T and l ӷl T , respectively. Both values are much smaller than the value we observed for the LϾ1 m segments (B c ϭ30Ϯ6 mT). BvH ͑Ref. 28͒ showed that the correlation field of resistance fluctuations for quasiballistic transport will be enhanced ͑compared to diffusive transport͒ by the flux cancellation effect: zero flux is enclosed by electron trajectories that return to their initial position by scattering on the wire boundaries only. Using the expressions given by BvH for the correlation field of long, narrow lines in the quasiballistic transport regime we calculated B c for different ratios of l and l T using the parameters for our lines at Tϭ0.2 K. We also applied the interpolation formula given in the same paper 28 to calculate B c for l Ϸl T . The results and the above given estimates for diffusive transport are listed in the first three rows of Table I . A remarkably good agreement is observed between the quasiballistic estimate for l Ϸl T and our experimental value. This result can be regarded as evi-dence that the electron transport in the longer segments should be considered as quasiballistic instead of diffusive.
Unfortunately, for quasiballistic transport in very short lines (LӶl ) no expressions to describe B c are available in the literature. However, there exists a rather simple procedure to calculate B c from the behavior of the amplitude of the fluctuations. This procedure involves a method developed by BvH. 28 These authors show that for quasi-onedimensional wires the field-shifted autocorrelation function F i (⌬B) can be obtained from F i (0) by replacing l ϵl (0) by a magnetic-field-dependent phase coherence length l (⌬B).
28,31 After substitution of l (⌬B) in F i (0), B c follows from using the definition F i (B c i )ϭF i (0)/2. In fact, this procedure has also been used by Chandrasekhar et al. 9 to calculate B c for a narrow wire, four-probe geometry. These authors calculated F i (0) analytically and used the expression for l (⌬B) for the diffusive transport listed in Ref. 31 . Evaluation of their result for LӶl for our wire segments at Tϭ0.2 K yielded the value B c ϭ5.0 mT listed in the fifth row of Table I .
We calculated the remaining three values of B c for the short wire block listed in rows 5 and 6 of Table I by using Eqs. ͑3͒, ͑4a͒, and ͑4b͒ to obtain
The expressions used for l (⌬B) for both quasiballistic and diffusive transport are listed in Ref. 31 . In this way we were able to calculate B c for the two limiting situations l Ӷl T and l ӷl T ͑see Table I͒ . Since no expression for ␦R i was available for l Ϸl T , there was no simple method to calculate B c for our experiments' most interesting regime. However, if it is assumed that the trend found for long wires would also hold for short wires, one expects to find a value for B c for l Ϸl T that is in between the values calculated for the l Ӷl T and l ӷl T limits. This expectation is not confirmed by the measurements. Instead, the experimental value for the correlation field B c s ϭ12Ϯ3 mT is in between the calculated diffusive values (B c s ϭ5 -8 mT) and quasiballistic values (B c s ϭ17-33 mT). This suggests that in short lines the effect of flux cancellation is apparently less effective and that, consequently, B c is less enhanced. Intuitively one might indeed expect that in wire segments, which are shorter than the elastic mean free path, i.e., LϽl e , flux cancellation cannot play a major role since in these short segments the electrons hardly scatter in the area between the voltage probes. So the large difference in B c (LϾ1 m) and B c (LϽ1 m) is explained by the assumption that on reduction of the probe distance the electron transport changes from a quasiballistic to a diffusive nature.
Since we used rather plausible arguments so far, we might have concluded that we have a reasonable description of the observed values of the correlation field. However, the description became less satisfactory when we focused on the temperature dependence of B c s and B c a . Figure 5͑b͒ shows that the variation in the correlation field of the fluctuations in the temperature regime 0.1-1.2 K is less than about 30% ͑above 1.2 K the uncertainty in the experimental data becomes too large͒. From analyzing the WL effect in the L ϭ10 m segment we found that in this temperature range the phase coherence length is reduced from 1.5 m to 0.9 m. 26 We estimated that this reduction in l would lead to an increase of the correlation field by a factor of 2 in case of diffusive electron transport and by more than a factor of 3 for quasiballistic electron transport. This is clearly not observed. Another point of concern is the temperature dependence of the correlation field of the Lϭ0.5 m and the Lϭ1 m segments. For one of these segments one expects a crossover from the LϽl regime to the LϾl regime as the temperature is increased. This would lead to an additional strong change of the correlation field with temperature. Figure 5͑b͒ provides no evidence for such behavior to take place. Unlike the amplitude of the fluctuations, the correlation field was to a large extent independent of temperature.
A surprisingly weak temperature dependence of B c has been reported before in the literature. Studies of conductance fluctuations in ballistic Ag point contacts, 15, 32 short epitaxial Bi wires, 33 and ballistic cavities 34 show an almost temperature-independent correlation field. In these cases the devices operated in a regime where l рl e ͑or l smaller than the size of a cavity͒. To explain the behavior of B c it was argued or speculated that the length scale of the trajectories that determine B c is set by l e rather than by l . For three-dimensional metallic point contacts this idea was supported by theoretical work of Kozub, Caro, and Holweg. 32 In our case l e Ϸ0.8 m, a value that is comparable to the value of l and the smallest probe distances. The important point is that l e is rather independent of temperature in the range where magnetoconductance fluctuation ex- The results for the antisymmetric part of the fluctuations are independent of probe distance L.
periments are done. In case B c is determined by l e it is obvious that we did not observe in one of the smaller segments a crossover from the LϽl regime to the LϾl regime as the temperature is increased. We note that for diffusive transport a naive replacement of l by l e would lead to higher values of B c closer to the experimental value. This could have been an reason not to include quasiballistic transport in the discussion. It is clear that a more fundamental theory describing resistance fluctuations in the regime (l e ϾW e , and comparable values for L, l , l e , and l T ͒ is needed to interpret our observations, especially for B c , in more detail.
V. CONCLUSIONS
We studied magnetoresistance fluctuations in short quasiballistic wire segments fabricated in high-mobility n-type Si/SiGe heterostructures. The length L of the various wire segments were chosen to be larger or smaller than the phase coherence length l and electron mean free path l e . Furthermore both l e and l were comparable in magnitude. This regime has not been described yet theoretically and we compared our data with the existing theoretical model suited to describe resistance fluctuations in diffusive systems. The dependence of the amplitude of the symmetric and the antisymmetric part of the fluctuations with probe separation is qualitatively well described by this model. The magnitude of the experimental values for B c however was significantly larger than predicted by diffusive theory. A comparison of the experimental values for B c with an expression derived for the quasiballistic regime shows only a good agreement for the long (LϾ1 m) segments. The correlation field was found to be largely temperature independent, where a strong increase of the correlation field with temperature is predicted. This calls for a full description of resistance fluctuations in systems with comparable values of W, L, l e , l , and l T .
Especially for the shorter wire segments of lengths 0.2-2 m the procedure used in the present paper is found to be more appropriate. We note that a different choice of the background resistance changes the results at the lowest experimental temperatures by about 20%. 28 
